Abstract: To date, the use and translation of nanomedicine from the laboratory to the clinic has been relatively slow. Among other issues, one of the reasons for this tardiness is the lack of the availability of quick and reliable toxicity tools for the screening of nanomaterials (NMs). In this investigation, we apply a flow cytometry-based method for the detection of nanomaterialinduced oxidative stress by measurement of reactive oxygen species production in specific leukocyte subpopulations in human whole blood. The screening of a panel of relevant nanomedical-associated materials (liposomes, silica, iron oxide and functionalized single-walled carbon nanotubes) demonstrated that only the carbon nanotubes induced oxidative stress in human circulating leukocytes. In summary, we apply and corroborate a flow cytometry-based method for the simple and effective measurement of NM-induced oxidative stress in human blood subpopulations after realistic and relevant exposure scenarios which is extremely useful in future toxicological applications.
The rapid development of nanotechnology goes hand in hand with concerns about the potential adverse effects of nanomaterial (NM) exposure on human health and the environment. In addition, the apparent knowledge gaps in our understanding of the interaction between NMs and cells, their transformation and their eventual fate in different biological systems mean that hazard assessment is very challenging.
Nanomedicine is defined as the application and utilization of nanotechnology to medicine and human health, in particular with regard to the diagnosis and treatment of disease. Over the last two decades, a wide range of NMs with varying size, shape, charge and other physicochemical characteristics are tailored to determine specific function, resulting in desirable optical, electronic, magnetic and biological attributes. The current nanomedicine applications mainly include vehicles for targeted drug delivery, NM platforms for biomedical imaging and therapeutic applications for treating clinical diseases [1, 2] . Despite these promising medical applications, the safety concern for NMs is a key determinant factor in the assessment of their clinical potential. Therefore, it is imperative to implement risk reduction strategies for all materials proposed for medical applications. The same physicochemical characteristics that make NMs desirable for medical applications might contribute to their potential adverse effects -particle size and surface properties can largely influence the bioavailability, transport, biotransformation, cellular uptake and toxicity of the material in question [3, 4] .
Iron oxide nanoparticles (NPs) can exhibit a unique form of superparamagnetism which is highly useful and desirable in biomedicine for several medical applications, principally relating to imaging and drug delivery to the central nervous system and various tumours [5, 6] . This property is believed to be size-dependent and only occurs at around 10-20 nm [7] . Iron oxide is one of the few NMs with current clinical applications and approved by the US Food and Drug Administration since 1996 [8, 9] .
Carbon NM constructs and in particular carbon nanotubes are utilized in a diverse range of applications relevant to nanomedicine. These include implementation in drug or gene delivery systems [10] [11] [12] [13] , as targeting and photosensitizing agents [14] , as tissue scaffolding [15] , utilization in the treatment of arthritis [13] or to aid in imaging techniques [16] [17] [18] .
Silicon dioxide (SiO 2 ), also known as silica, is among the most abundant naturally available minerals on earth. SiO 2 NPs are often utilized as food additives and in cosmetics and have a wide range of pharmaceutical applications. Due to the recognized biosafety and easy synthesis of materials, silica-based NPs occupy a prominent status in biomedical research. In recent years, mesoporous silica NPs have attracted increasing attention for optical imaging, magnetic resonance imaging, photodynamic therapy and targeted drug delivery [19] [20] [21] [22] [23] [24] .
Liposomes are biologically derived vesicles composed of an aqueous core surrounded by a phospholipid bilayer [25] . These vesicles have been designed and utilized as vehicles for drugs, genetic material or imaging agents [26] . The encapsulation of relevant pharmaceutical active compounds into liposomes can protect or control the release thus reducing systemic toxicity by minimizing dosage requirements [27] . In addition, liposomes may traverse otherwise impassable biological barriers, which can facilitate intracellular delivery of theranostic cargo to exert the desired pharmacological effect. Due to their small size, charge and the possibility for modification and inclusion of targeting moieties, liposomes are ideal vehicles for specific delivery of cargo to the target tissue [28] .
Numerous studies have shown that NMs can cause oxidative stress through a number of mechanisms including direct generation of reactive oxygen species (ROS) by physicochemical surface properties, the effects of soluble compounds and activation of inflammatory cells capable of generating ROS [29] [30] [31] [32] [33] . If not counterbalanced, oxidative stress can lead to inflammation, activation of adaptive immune responses, oxidative damage to lipids, proteins and DNA and even the initiation of apoptotic/necrotic pathways [3, 34] . Intravenously administered and bioavailable NMs reaching the circulation will inevitably come into contact with leukocytes of which the phagocytic monocytes and neutrophils might be particularly important targets and effectors related to oxidative stress [35] .
In this study, a flow cytometry-based method was applied for the detection of NM [liposomes, silica, iron oxide (Fe 2 O 3 ) and functionalized single-walled carbon nanotubes (SWCNTs)]-induced oxidative stress as well as the detection of liposome-cell interactions in specific leukocyte subpopulations sourced from human whole blood.
Materials and Methods
Nanomaterials. The panel of NMs included carbon black (CB -Printex 90) (Evonik Industries, Germany), 50-nm non-functionalized silica (Kisker Biotech, Germany), 20-nm Fe 2 O 3 (US Research Nanomaterials Incorporated, USA) and 1-to 3-lm COOH-functionalized single-walled carbon nanotubes (US Research Nanomaterials Incorporated, USA).
The liposomes were synthetized in the laboratory prior to use in flow cytometry-based screening assay. The lipids 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) (Avanti Polar Lipids Inc., USA), N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium methyl-sulphate (DOTAP) (Avanti Polar Lipids Inc., USA) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE)-Atto 655 (Thermo Fisher Scientific, UK) (molar ratio 9:1:0.002) were dissolved in chloroform and thoroughly mixed in a glass vial. The solution was allowed to dry in order for a lipid film to form on the glass and to ensure the complete evaporation of the chloroform. The liposomes were rehydrated carefully by the addition of 19 phosphate-buffered solution (PBS), for a final lipid concentration of 1 mg/ml. The mixture was incubated overnight at room temperature. The following day, the liposomes were subjected to 10 freeze-thaw cycles to minimize multi-lamellarity by immersion in liquid nitrogen, followed by thawing in a 40°C water bath. The liposomes were sequentially extruded through two stacked polycarbonate filters with pore sizes of 50 nm (Mini-Extruder; Avanti Polar Lipids Inc., USA) before being stored at 4°C until use.
Characterization of the nanomaterials. The hydrodynamic size distribution, stability and surface charge of the liposomes dispersed in filtered water, PBS or complete cell culture medium have been reported previously [36] . Table 1 depicts the hydrodynamic particle size of the NMs after dispersion in PBS. It should be stated that it is impossible to measure the size of the NMs in whole blood due to high protein content of serum.
For dispersion, the NMs (with the exception of the silica and liposomes) were suspended into ELGA â water at a concentration of 1 mg/ml using a Branson Sonicator at 450 W and 10% amplitude (24 cycles of 10-sec. sonication and 10-sec. break to avoid overheating). The liposomes and the silica were subsequently diluted in PBS. The hydrodynamic size distributions of the other NMs dispersed in the PBS were determined in the 25-100 lg/ml concentration range by nanoparticle tracking analysis (NanoSight LM20, UK).
Blood withdrawal and material exposure. After the obtainment of ethical approval (The Science Ethics Committee, Copenhagen region -H-16036889) and written consent from three healthy volunteers (healthy male and female participants aged between 25 and 40 years), a total of 10 ml of venous peripheral blood was drawn from each donor in EDTA-coated collection tubes (Becton Dickinson, Vacutainer â K2E, Denmark). The blood samples from all individuals were pooled for ethical reasons to anonymize the volunteer identities with respect to data generated in the experiments and to avoid donor-specific differences such as antioxidant defence system responses, differences in genetic background or other individual characteristics. The procedure was repeated on three separate days using the same individuals. Fresh human whole-blood samples (200 ll) were exposed to the NMs at the concentrations of 10, 100 or 200 lg/ml (or 100 lg/ml of carbon black serving as positive control for the ROS production) suspended in PBS before incubation for 2 hr at room temperature in the dark.
Oxidative stress and interaction measurements. After exposure, the samples were centrifuged before the addition of a haemolysis buffer (Becton Dickinson, Denmark) for 15 min. The cells were washed in a staining buffer containing DPBS (pH 7.4), 2% FBS and 0.09% sodium azide (Becton Dickinson, Denmark) before being incubated with a working concentration (2 lM) of 2 0 ,7 0 -dichlorofluorescin diacetate (DCFH-DA) (Sigma, UK) for 15 min. in the dark. The samples were washed once more before resuspension in 500 ll of staining buffer and analysed using an Accuri C6 flow cytometer (Becton Dickinson, USA). The DCFH-DA assay is based on the principle of DCFH being oxidized to fluorescent dichlorofluorescein (DCF) in the presence of intracellular ROS. It is important to state that a wide range of preliminary experiments with different concentrations of both the DCFH-DA probe and test materials (as well as cell-free ROS detection) were conducted to account for and minimize any potential optical inferences in the data presented.
In a concurrent set of experiments, the specific liposome-cellular associations were quantified in individual leukocyte subpopulations. The mean DCF fluorescence and the liposome (chemophore)-associated fluorescence were assessed for each cell population and used as a measure of ROS production and cellular association (only after liposome exposure), respectively.
Cell surface staining of human leukocytes. Cell surface markers can be used to define cell subsets based on lineage and developmental 
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NM characterization.
The characterization data demonstrated a tendency for the materials to agglomerate in PBS which was most evident for the CB and the Fe 2 O 3 NMs (table 1). As a side note, the liposomes were shown to be stable for at least three months after the initial extrusion [36] . The measurements of NM size were not carried out in whole blood as the protein content in serum makes these assessments impossible.
Separation of the leukocyte subpopulations and ROS production. The leukocyte subpopulations were separated according to size and granularity using flow cytometry ( fig. 1) . To confirm the accuracy of the gating in these experiments, the subpopulations were stained with CD3 (lymphocytes), CD163 (monocytes) and CD66b (neutrophils) antibodies. The antibody labelling of the leukocyte subpopulations demonstrated that the gating based on the forward and side scatter of cells was accurate within the remits of flow cytometry ( fig. 2) .
The oxidative stress data clearly demonstrated that the basal ROS production was highest in the neutrophils, followed by the monocytes and with lymphocytes producing the lowest amount of ROS ( fig. 3) . After exposure to the panel of NMs, only the SWCNTs induced a concentration-dependent and significant increase in ROS production in the monocytes and the neutrophils (most evident for the neutrophils). As expected, the exposure to the CB increased the intracellular ROS generation in neutrophils (p = <0.005). The induction of intracellular ROS after exposure to CB in monocytes and granulocytes has been shown previously [37] , and thus, it was chosen as reference NM.
Liposome-cellular interactions.
Due to the use of a whole-blood assay, interaction between NM and erythrocytes, blood proteins and other components might limit the exposure of the leukocytes. Hence, the liposomes were utilized to investigate these potential binding effects due to their specific fluorescence signal, whereas the other NMs could not be used for this purpose. It is important to state that this analysis does not allow for differentiation between internalized and cell membrane-attached liposomes. However, although was not possible to quantify the specific uptake within the context of this study, we have previously demonstrated the internalization of the same liposomes by macrophages and endothelial cells [36] .
After a 2-hr liposome exposure of whole blood, the quantification of material-cell interactions demonstrated the greatest concentration-dependent association with the monocytes. Additionally, a large quantity of liposomes also interacted with the neutrophils. In contrast, the association with the lymphocytes was relatively small. Finally, as expected, no fluorescence was detected after exposure to CB ( fig. 4) , indicating that the attachment of NM to the cell membrane and internalization does not evoke fluorescence signals from the cells. It should be emphasized that CB internalization by macrophages has been documented previously [2, 38, 39] .
Discussion
In recent years, despite considerable promise, the use and translation of nanomedicine from laboratory to the clinical application has been relatively slow [40] . There are numerous reasons for this indolence, including the challenges regarding the production of NMs in sufficient quantities with identical properties, the lack of understanding of the relationship between physicochemical properties of NMs and their eventual fates in humans, their potential toxicity and the scarcity of current methods for rapid and consistent toxicological screening of NMs [41] . In an attempt to address the two latter issues concerning toxicity, we introduce a simple yet robust screening method for the ex vivo assessment of NMinduced ROS production in human whole blood. The method is relevant and pertinent to assessment of oxidative stress of NMs with potential medical applications. This study is of great importance as intravenously administered and bioavailable NMs reaching the circulation will inevitably encounter leukocytes of which especially the phagocytic monocytes and neutrophils might be important targets and effectors related to oxidative stress. Here, it is demonstrated that exposure of whole blood to different NMs resulted in varying degrees of ROS generation from leukocyte subpopulations. The SWCNTs were particularly potent inducers of ROS most notably in the granulocyte subpopulation. The flow cytometry method utilized in the present study allowed for the ranking of the materials with regard to their toxic potential, in terms of ROS generation, in distinct leukocyte cell subpopulations. Additionally, the data clearly demonstrated a concentration-dependent association of the liposomes with the monocytes and granulocytes, which did not result in generation of ROS. These findings are easily explained as monocytes and neutrophils (which form a large and prominent quantity of granulocyte subpopulation gate) are professional phagocytes. Hence, one would expect preferential interaction of NMs with these specific cell populations. As a side note, it should be stated that the liposome-related data in this study fit very well with a previous investigation in which a comprehensive in vitro analysis found that potential adverse effects after exposure of endothelial cells and macrophages to liposomes did not induce a cytotoxic or inflammatory response in any of the experimental conditions [36] . In addition, the same liposomes were also shown to be highly biocompatible after intravenous exposure of C57BL/6 mice [42] . This is the first study of its kind in which liposome association by the three main leukocyte subpopulations in human blood is quantified.
After the administration of NMs into a biological system irrespective of route of entry (inhalation, intravenous or oral), interactions between materials and the biological systems (i.e. serum proteins and lung lining proteins) are inevitable. The physicochemical characteristics of the NM and route of exposure are both critical in the formation of the specific protein corona [43, 44] . In turn, the protein corona can significantly influence the toxicity, biodistribution, biocompatibility, clearance and the potential therapeutic efficacy [45] . This highlights the importance of any toxicology assessment for NMs being carried out in biologically relevant settings, which is one of the great strengths of this study, and brings into focus its significance with regard to allowing for realistic exposure of NM interactions with human blood after intravenous administration.
In recent years, an ever-increasing number of in vitro and in vivo studies have implicated disruptions to the redox balance and oxidative stress as one of the main contributors to NM-induced DNA damage, inflammation and on occasion cell death [i.e. 3, 46, 47] . Endogenous ROS are indispensable for everyday life, as highlighted by their involvement in signal transduction and the initiation of the innate immune system (effectors produced to destroy pathogens and to control cellular responses). For example, H 2 O 2 has been shown to activate protein tyrosine kinases and metalloproteases through the oxidation of certain cysteine residues [48] . There are numerous exogenous sources of ROS including phagocytes (mainly in the phagocytosis process) [49] . In addition, chemotactic factors can trigger NOX-dependent ROS production. The production of membrane-permeable ROS can cause leakage of these molecules from the phagocytes and therefore result in unwanted effects on the surroundings [49, 50] . The DCFH probe readily interacts with intracellular ROS, which is why it was selected in this study. This probe has been utilized successfully in previous investigations of ROS generation after exposure of different cells in vitro and ex vivo to a wide range of nano-sized materials (i.e. 9, 32, 35, 37, 46, [51] [52] [53] . Finally, it is important to further state that the flow cytometric evaluation of ROS is an established method and previously used in cell lines to detect NM-induced damage [54, 55] .
Neutrophils are remarkably short-lived with a circulating half-life of only 6-8 hr in vivo, which mandates a basal rate of production of up to 5 9 10 10 -10 9 10 10 cells per day [56] . For this reason, in this study, a relatively short ex vivo exposure time (i.e. 2 hr) was utilized. The use of longer protracted exposure periods may also result in cellular senescence in the neutrophil subpopulation. Neutrophil homoeostasis is maintained by a fine balance between granulopoiesis, bone marrow storage and release, intravascular margination, cellular apoptosis and macrophage clearance. The short half-life of neutrophils is a potential limitation for the flow cytometry method described above. Although the relatively short exposure period of 2-hr exposure is ideal for investigating NMinduced oxidative stress, the assessment of other toxicological end-points that might require longer exposure times such as apoptosis or genotoxicity is not possible. The in vitro exposure times can be prolonged by the addition of culture media Fig. 3 . NM-and carbon black (CB) (100 lg/ml)-induced intracellular ROS production in human leukocytes ex vivo, measured as fluorescence by the DCF probe. The data are expressed as mean AE S.E.M. with significance from negative control expressed as *p = <0.05 and **p = <0.005.
[57]. However, this would diminish and detract from the realistic and physiologically relevant medium (in a nanomedical setting) utilized in this study.
In the present study, pooled blood samples were used from three healthy donors, which ameliorates the effect of interindividual variation. This approach is common in toxicological studies on primary cell cultures. For instance, we have used pooled batches of endothelial cells from several donors for studies on liposomes and carbon nanotubes [58] [59] [60] . The flow cytometry-based detection of ROS production in blood samples can be further developed for investigations of interindividual differences in response to NMs in healthy individuals, susceptible groups or patients with specific diseases. However, this requires a substantial number of observations to attribute responses to interindividual differences, as a segregation of the experimental variation (i.e. assay or residual variation) from the interindividual variation is needed.
In summary, we apply and corroborate an innovative method for a simple and effective measurement of NMinduced oxidative stress in human blood in a realistic and relevant exposure medium which is extremely useful in numerous and multiple toxicological and medical applications (in particular with regard to intravenously introduced NMs). (n = 3), significance indicated by *p = <0.05, **p = <0.005 or ***p = <0.0005 as compared to untreated whole blood (leukocyte subpopulation). (B) Representative flow cytometry plots gated on the neutrophil subpopulation after exposure to 100 lg/ml CB or (C) 100 lg/ml of liposomes.
